ABSTRACT
INTRODUCTION
Somatic cell nuclear transfer (SCNT) has been successfully employed to generate cloned animals of various species [1] . Porcine cloning via SCNT yielded the first cloned pig in 2000 [2, 3] . However, the efficiency of this technique was considered unsatisfactory due to poor in vitro embryonic development and the limited numbers of offspring obtained [4] .
Epigenetic modifications, such as DNA methylation and histone acetylation, have been shown to regulate gene expression in higher organisms [5] . Over the course of natural reproduction, DNA methylation levels are relatively low in male and female gametes, which are further demethylated during early embryonic development [6] . During SCNT embryo development, epigenetic remodeling of embryonic chromatin occurs, which includes dramatic changes in DNA methylation and nuclear structure as well as modification of histone tails. Developmental failure of cloned embryos may be predominantly attributed to incomplete epigenetic reprogramming of donor genomic DNA [7, 8] , and low success rates of cloning and abnormal cloned offspring have been associated with abnormal epigenetic patterns in nuclear transfer (NT) embryos [5, 8] . The success rate of animal cloning may thus be improved by preventing or reversing epigenetic errors, such as DNA hypermethylation or histone hypoacetylation status [9, 10] .
Trichostatin A (TSA), a histone deacetylase inhibitor, and 5-aza-2'-deoxycytidine (5-aza-dC), a DNA demethylation agent and inhibitor of DNA methyltransferase ac-tivity [11, 12] , are two widely used agents for epigenetic modification of somatic cells. Previous studies on bovine cloned embryos have reported that treatment of donor cells with TSA and 5-aza-dC, prior to NT, enhances in vitro embryonic development [13, 14] . While porcine reconstructed embryos do not display the highly aberrant patterns of methylation seen in IVF embryos, they differ from those of porcine embryos derived in vivo [8] . Two types of genomic regions, centromeric satellites (repeat sequence in a heterochromatic region) and PRE-1 SINE (repeat sequence in a euchromatic region) provide an overview of the DNA methylation status in heterochromatic and euchromatic regions of the genome, respecttively [8] . High concentrations of 5-aza-dC have been shown to be cytotoxic to cancer cells [15] and bovine NT embryos [16] , but the low concentration of 5-aza-dC treatment of fibroblast cells (donor cell) may have beneficial effect on the development of porcine cloned embryos. Here, we have established the optimal treatment concentration and exposure time of 5-aza-dC for porcine somatic donor cells, and employed these conditions to determine whether 5-aza-dC can be effectively applied to improve porcine parthenogenetic and cloned embryo development.
MATERIALS AND METHODS

Donor Cell Preparation
The majority of chemicals used in this study were purchased from Sigma Chemical Co. (St. Louis, MO). Porcine fetuses were obtained from Korean native swine at day 35 of gestation. The heads and internal tissues of fetuses were removed using fine scissors, and the soft tissues (e.g., liver and intestine) discarded. The remaining tissue was cut into small pieces with fine scissors, treated with 0.05% trypsin and 0.5 mM EDTA (15050-065; Gibco, Carlsbad, CA), and subjected to shaking for 10 min at 38.5˚C in an incubator. The suspension was centrifuged at 500 rpm for 10 min, and the resulting fetal fibroblast cell pellet washed three times with DMEM. Next, the cell pellet was resuspended in DMEM supplemented with 75 µg/ml penicillin G, 50 µg/ml streptomycin, 5% (v/v) fetal bovine serum (FBS; Gibco, 16000 -044) and 5% (v/v) fetal calf serum (FCS; Gibco, 26010 -074), and cultured at 38.5˚C. All cells were cryopreserved upon reaching confluence. Cells from passages 3 -8 were used for nuclear transfer. For experiments, fetal fibroblast cells were grown to 50% confluence in 12-well plates, treated for 3 min with trypsin EDTA, washed in DMEM, and used as donor cells. Single cells were placed in micromanipulation drops.
Preparation of Oocytes
Porcine ovaries were obtained from prepubertal gilts at a local slaughter house, and transported to the laboratory in PBS solution supplemented with 100 IU/ml penicillin and 50 µg/ml streptomycin. Cumulus-oocyte complexes (COCs) were collected from 2 -6 mm follicles using a 10 ml syringe fixed with an 18-gauge needle. COCs were washed three times in TL-HEPES containing 0.1% (w/v) polyvinyl alcohol (PVA). Oocytes were selected and cultured in TCM-199 (M-4530) supplemented with 10% (v/v) porcine follicular fluid, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM L-cysteine, 0.5 µg/ml LH (L-5269), 0.5 µg/ml FSH (F-2293), 10 ng/ml epidermal growth factor (E-4127), 75 µg/ml penicillin, 50 µg/ml streptomycin, and 0.05% (v/v) MEM vitamins (M-6895). COCs were subsequently transferred to 500 µl of maturation medium in a 4-well multidish (Nunc, Roskilde, Denmark) and incubated for 42 to 44 hours at 38.5˚C in a humid atmosphere containing 5% CO 2 . After 22 hours of in vitro maturation, oocytes were washed three times and transferred to 500 µl of hormone-free maturation medium for an additional 20 to 22 hours of culture. Following maturation, cumulus cells were removed by repeated pipetting in TL-HEPES supplemented with 0.1% PVA and 0.3% hyaluronidase.
Oocyte Activation and Culture
Cumulus-free oocytes were transferred to activation solution (0.3 M mannitol, 1.0 mM CaCl 2 ·H 2 O, 0.1 mM MgCl 2 ·6H 2 O, and 0.5 mM HEPES), and activated with two DC pulses of 1.1 kV/cm for 30 µsec each using a BTX Elector-Cell Manipulator 2001 (BTX, San Diego, CA). Activated embryos were cultured in PZM-3 for 7 days. Parthenogenetic activation experiments were replicated at least three times.
Nuclear Transfer and Activation of Embryo Culture
Nuclear transfer and electrical fusion were conducted as described previously by Naruse, et al. [17] Cumulusfree oocytes were enucleated by aspiration of the first polar body and adjacent cytoplasm with a fine glass pipette in PZM-3 containing 7.5 µg/ml cytochalasin B at 38˚C. A single donor cell was placed in the perivitelline space of each enucleated oocyte. NT embryos were simultaneously fused and activated with two DC pulses of 1.1 kV/cm for 30 µsec in 0.3 M mannitol medium containing 1.0 mM CaCl 2 ·H 2 O, 0.1 mM MgCl 2 ·6H 2 O, and 0.5 mM HEPES. Reconstructed embryos were cultured for 6 days in PZM-3. Nuclear transfer experiments were replicated at least three times.
Genomic DNA Isolation and Bisulfite Treatment
Fetal fibroblast cells were plated on 100 mm culture Copyright © 2013 SciRes. OPEN ACCESS dishes and grown in DMEM supplemented with 5% (v/v) FBS and 5% (v/v) FCS. Cells grown to 50% confluence were treated with different concentrations (0, 5, 50, and 500 nM) of 5-aza-dC for various exposure times (0, 1, 6, and 20 h). Genomic DNA was isolated from treated cells, and 1 µg of purified DNA subjected to sodium bisulfate-treatment for 24 hours using an MSP kit (In2 Gen Co. Ltd., Seoul, Korea). Bisulfite-treated genomic DNA was purified with the MSP kit, precipitated with ethanol, and resuspended in 25 µl of diluted water.
The centromeric satellite and PRE-1 SINE sequences were obtained from GenBank (Z75640, X64127, Y00104, and AJ251914) and primers designed to amplify the desired fragments (centromeric satellite DNA, 5'-TTTGTAGAATGTAGTTTTTTAGAAG-3' and 5'-AAAATCTA AACTACCTCTAACTC-3'; PRE-1, 5'-TTAACRAATCCRACTAAAAACCATA-3' and 5'-GTTGGTTTATMTTAGAGTTATAGTAA-3') Archer, et al. 2003) . PCR conditions consisted of 40 cycles of 94˚C for 2 min, 94˚C for 60 sec, 55˚C for 60 sec and 72˚C for 60 sec, followed by final elongation of 72˚C for 10 min [18] .
Amplified products were ligated into pGEM-T plasmid vectors using the pGEMP ® P-T Easy Vector System (Promega, USA), and 20 subclones picked and sequenced using an automatic sequencer (Applied Biosystems, PRISM 377).
Experimental Design
For DNA methylation analysis, growing porcine fetal fibroblast cells were treated with 5-aza-dC at different concentrations (5, 50, or 500 nM) and exposure times (0, 1, 6, and 20 hours), prior to bisulfite treatment.
For parthenogenetic activation experiments designed to investigate the effects of different concentrations of 5-aza-dC on the in vitro development of activated porcine oocytes, cumulus-free oocytes were electrically activated with a two DC pulse (1.1 kV/cm, 30 µsec). Activated oocytes were treated with 0, 2.5, 5, 50 or 500 nM 5-azadC for 1 hour, and cultured in PZM-3 for 7 days.
For nuclear transfer experiments designed to establish the effects of different concentrations of 5-aza-dC over variable exposure times on the in vitro development of reconstructed embryos after NT, growing porcine fetal fibroblast cells were treated with 0, 5, 50, and 500 nM 5-aza-dC for 1 hour; with 5 nM 5-aza-dC for 0, 1, 6, and 20 hours; with 50nM for 6, 20 hours. Thereafter, enucleated oocytes were reconstructed with 5-aza-dC-treated fetal fibroblast cells, fused with two DC pulses (1.1 kV/cm, 30 µsec), and cultured in PZM-3 for 6 days. Cleavage and blastocyst formation rates were evaluated under a stereomicroscope on days 3 and 6 of culture. Blastocysts were stained with Hoechst 33342, and the number of nuclei examined using fluorescence microscopy (Olympus, Japan).
Statistical Analysis
All data are expressed as mean ± standard error (SE) and repeat at least 3 times. Significant differences among treatment groups were determined with ANO-VA using the GLM procedure of SAS (SAS Institute Inc., Cary, NC, USA) and Duncan's multiple range test after analysis of variance. Statistical significance was determined as P values less than 0.05.
RESULTS
Effect of 5-aza-dC Treatment on the DNA Methylation Status
The methylation status of centromeric satellite and PRE-1 SINE sequences was determined in 5-aza-dCtreated fetal fibroblast cells (Figures 1 and 2) . The centromeric satellite sequences of fetal fibroblast cells treated with 5 or 50 nM 5-aza-dC for 1 to 20 hours displayed no changes in methylation, compared to untreated controls (Figure 1(a) ). In the PRE-1 sequences, DNA methylation levels were gradually reduced with longer exposure to 5-aza-dC (Figure 2(a) ). DNA methylation levels of the PRE-1 sequences in 5 nM 5-aza-dC-treated groups were comparable to those of 50 nM 5-aza-dCtreated groups for 1 and 6 hours. In the 50 nM 5-aza-dCtreated groups, DNA methylation was significantly decreased at 20 hours exposure.
Effect of 5-aza-dC Treatment on the Development of Porcine Parthenogenetic Embryo
Next, we performed parthenogenetic activation experiments in which mature oocytes were subjected to electric activation, followed by treatment with 2.5 to 500 nM 5-aza-dC. Our preliminary findings revealed that embryo exposure to 5-aza-dC for longer than 1 h induced a decrease in blastocyst development rate (data not shown). Upon exposure of activated oocytes to different 5-aza-dC concentrations (2.5 to 500 nM) for 1 hour, we observed no significant differences in cleavage rates between the 5-aza-dC-treated and control groups. However, embryos treated with 5 nM 5-aza-dC showed significantly higher blastocyst development rates, compared with the control, 50 nM and 500 nM treatment groups. The blastocyst development rate of the 5 nM treatment group was slightly higher than 2.5 nM treatment, but this difference did not reach the level of statistical significance ( Table 1) .
Development of Cloned Embryo Derived from Donor Cell Treated with 5-aza-dC
In NT experiments performed to examine the effects of different concentrations of 5-aza-dC on NT embryo development, fetal fibroblast cells were treated with 0, 5, 50, 500 nM 5-aza-dC for 1 hour, and used to reconstruct embryos. Cleavage rates and total cell numbers of blastocysts were not significantly different between the 5-aza-dC-treated and control groups of fetal fibroblast cells exposed to different concentrations of 5-aza-dC for 1 hour. However, fetal fibroblast cells treated with 5 nM or 50 nM 5-aza-dC for 1 h showed significantly higher blastocyst formation rates (p < 0.05) compared with the control group, whereas exposure to 500 nM 5-aza-dC could not improve blastocyst formation rate ( Table 2) .
To examine the effects of concentrations and expo- Percentages and cell numbers are expressed as mean ± SE from four experiments. 1 Porcine activated embryos were treated with various doses (0, 2.5, 5, 50, and 500 nM) of 5-aza-dC for 1 hour after electrical activation. 2 Number of parthenogenetic embryos cultured.
suretimes of 5-aza-dC on NT embryo development, fetal fibroblast cells used for NT were treated with 5 nM 5-aza-dC for 0, 1, 6 and 20 hours, and 50 nM 5-aza-dC for 6 and 20 h. Notably, fetal fibroblast cells treated with 5 nM 5-aza-dC for 1 to 20 hours showed significantly higher blastocyst development rates (p < 0.05), compared Percentages and cell numbers are expressed as mean ± SE from four replicate experiments. 1 Fetal fibroblast cells were treated with various doses (0, 5, 50, and 500 nM) of 5-aza-dC for 1 hour before NT. 2 Number of reconstructed embryos cultured. a,b Values in the same column with different superscripts are significantly different (P < 0.05). Table 3 . In vitro development of porcine nuclear transfer embryos derived from fetal fibroblasts after treatment with 5-aza-dC at different concentrations and exposure times. with the control group ( Table 3) . Treatment group with 5nM 5-aza-dC for 1 hour had the highest blastocyst formation rate. When the fetal fibroblast cells treated with 50 nM 5-aza-dC for 6 or 20 hours, the blastocyst formation rate were not significantly increased compared with control group. We observed no significant differences in the cleavage rates and total cell number of blastocysts between the 5-aza-dC-treated and control groups.
DISCUSSION
DNA methylation in mammals is an essential process in the regulation of transcription during embryonic development [8] . However, epigenetic modification of DNA methylation in mammals occurs aberrantly in most cloned embryos [19, 20] . In particular, DNA methylation and histone acetylation errors [18] and incomplete reprogramming following nuclear transfer [21] are thought to contribute significantly to the low efficiency of somatic cell cloning. In a previous study, treatment with the histone deacetylase inhibitor, TSA, increased the success rate of mouse and porcine cloning, supporting the importance of epigenetic status in the development of cloned embryos [22, 23] .
Methylation status has been analyzed in cloned porcine [8] and bovine embryos [18] using bisulfite treatment, followed by methyl-sensitive PCR. Analysis of centromeric satellite DNA sequences in bovine normal and cloned blastocysts revealed increased methylation levels in a significant number of cloned embryos. Additionally, reported that the centromeric satellite DNA sequences of porcine fetal fibroblast donor cells are hypermethylated. This status was retained through the 4 -8 cell stage when normal development requires demethylation [6] . Analogous results were obtained with the PRE-1 SINE euchromatin sequence [8] . These findings indicate that DNA sequences of porcine SCNT embryos undergo preimplantation demethylation in a manner similar to that in embryos in vivo.
The present study was designed to investigate the DNA methylation status of 5-aza-dC-treated porcine fetal fibroblast cells in representative heterochromatin and euchromatin sequences, and establish whether 5-aza-2'-dC treatment improves the developmental rate of porcine parthenogenetic and cloned embryos.
Treatment with 50 nM 5-aza-dC for 20 hours led to a significant reduction in the DNA methylation levels of the PRE-1 sequence, but not that of the centromeric satellite sequence (Figures 1 and 2) , suggesting that euchromatic regions are susceptible to alterations in the DNA methylation state. Moreover, methylation analysis of DNA obtained from 5-aza-dC-treated fetal fibroblast cells showed that longer durations of exposure influenced the DNA methylation status in the PRE-1 sequence, but not the centromeric sequence.
In parthenogenetic activation experiments, treatment of porcine activated oocytes with low concentrations of 5-aza-dC for 1 hour improved the blastocyst development rate (Table 1) , whereas higher concentrations of 5-aza-dC were relatively ineffective and/or even detrimental to further in vitro development. These results suggest that exposure of activated oocytes to 5 nM 5-azadC for 1 hour promotes further development by triggering adjustment of methylation status without injuring cells. Consistent with this hypothesis, our NT experiments disclosed improved blastocyst development of porcine cloned embryos in cases where donor cells were treated with 5 nM 5-aza-dC for 1 to 20 hours ( Table 3) . In contrast, elevated concentrations of 5-aza-dC (50 nM or higher) had detrimental effects on reconstructed embryos ( Table 2 ). Based on these findings, we suggest that brief exposure of fetal fibroblasts to 5 nM 5-aza-dC safely facilitates the reprogramming of methylation patterns with lower toxicity after nuclear transfer, leading to improvement of blastocyst development. In mammalian somatic cells, genomic methylation patterns are regulated by DNA methyltransferase-1 (Dnmt1). Preimplantation embryos lack Dnmt1, but express a corresponding protein designated Dnmt1o (Yu, et al. 2009 ), which is synthesized and stored in the cytoplasm of oocytes and all preimplantation cleavage NT. Yu and colleagues showed that in mouse IVF embryos treated with 5-aza-dC during the preimplantation stage, nuclear Dnmt1o protein is lost at the 8-cell stage, leading to a decrease in DNA methyllation [24] . In normal IVF embryos, de novo methylation seems to occur at the 8-cell stage, and decreased DNA methylation at this stage may lead to developmental arrest of the embryo. Thus the 5-aza-dC treatment time is critical, and long-term treatment of preimplantation embryos may be not beneficial for development. Tsuji and co-workers [25] showed that long-term treatment of mouse NT embryos with 5-aza-dC did not improve development, possibly associated with aberrant loss of Dnmt1o in 8-cell embryos. In the current study, we treated donor cells with 5-aza-dC and reconstructed NT embryos in a manner beneficial to development. These short time treatments could not only avoid the aberrant loss of Dnmt1o in 8-cell embryos, but also could alter the DNA methylation status of the donor cells for nuclear reprogramming during the nuclear transfer. Notably, exposure of donor cells to low concentrations of 5-aza-dC over short-term periods led to improvements in reconstructed NT embryo development. One possible reason is that high concentrations of 5-aza-dC and long-term treatment are highly toxic for donor cells, and therefore harmful for NT embryo development. Alternatively, development of NT embryos may not require significant demethylation in donor cells prior to NT. After nuclear transfer, the reconstructed embryo may additionally demethylate DNA of nuclei derived from donor cells. Thus, the donor cell may be partially methylated before NT to a sufficient extent for NT embryo development.
CONCLUSION
We have provided evidence that a brief, low-dose and short-term treatment of porcine fetal fibroblasts with 5-aza-dC aids in improving the efficiency of the somatic cell nuclear transfer procedures. Further studies are required to determine the normal epigenetic status for porcine early embryonic development and how this condition could be experimentally induced in NT embryos.
